Carbon Capture and Utilization (CCU) is an emerging field proposed for emissions mitigation and even negative emissions. These potential benefits need to be assessed by the holistic method of Life Cycle Assessment (LCA) that accounts for multiple environmental impact categories over the entire life cycle of products or services. However, even though LCA is a standardized method, current LCA practice differs widely in methodological choices. The resulting LCA studies show large variability which limits their value for decision support. Applying LCA to CCU technologies leads to further specific methodological issues, e.g., due to the double role of CO 2 as emission and feedstock. In this work, we therefore present a comprehensive guideline for LCA of CCU technologies. The guideline has been development in a collaborative process involving over 40 experts and builds upon existing LCA standards and guidelines. The presented guidelines should improve comparability of LCA studies through clear methodological guidance and predefined assumptions on feedstock and utilities. Transparency is increased through interpretation and reporting guidance. Improved comparability should help to strengthen knowledge-based decision-making. Consequently, research funds and time can be allocated more efficiently for the development of technologies for climate change mitigation and negative emissions.
INTRODUCTION
Carbon capture and utilization (CCU) involves the capture of the greenhouse gas CO 2 from point sources or ambient air and its subsequent conversion into valuable products (Baena-Moreno et al., 2019) . By converting CO 2 into valuable products, CCU aims to improve economic benefits while also reducing environmental impacts such as the impact on climate change or fossil resource depletion (Al-Mamoori et al., 2017) . However, the reduction of environmental impacts cannot be taken for granted: high energetic co-reactants such as hydrogen (Sternberg and Bardow, 2016) or epoxide are often needed to activate the chemically inert CO 2 (von der Assen and . The production of these high energetic co-reactants, however, is associated with high environmental impacts. Thus, whether CCU technologies reduce environmental impacts can only be concluded from a detailed environmental assessment. A method for environmental assessment with broad acceptance among academic and industrial practitioners is Life Cycle Assessment (LCA).
Even though, LCA has been standardized in ISO 14040/14044 (European Committee for Standardisation, 2009 Standardisation, , 2018 , the standard leaves methodological choices, e.g., for selecting the functional unit, system boundaries, background processes, or environmental impact assessment methods (European Commission, 2018) . As a result, LCA studies on CCU technologies are often not comparable, e.g., because of differences in functional units, i.e., the relative basis for which environmental impacts are assessed, or system boundaries. Even if functional units and system boundaries are comparable, LCA results often show significant variation for identical technologies, because different processes are selected for the production of feedstocks or utilities. In particular, the supply of electricity or hydrogen has been shown to vary largely between various LCA studies such that conclusions even change qualitatively (Artz et al., 2018) . For example, for CO 2 -based methanol, LCA studies in the literature reported cradle-to-gate carbon footprints between −1.7 and +9.7 kg of CO 2,eq per kg of methanol. The conclusions of these studies are thus qualitatively very different: CO 2 -based methanol could either even be a carbon sink over its life cycle or emits much more CO 2 than fossil-based methanol. However, harmonization of assumptions regarding supply of electricity and CO 2 reduced the variation such that all carbon footprints had the same sign and could be clearly distinguished from fossil-based methanol. The current lack of a consistent basis for LCA hampers proper decision making of stakeholders involved in CCU technologies and, in fact, may also lead sub-optimal decisions. As a result, both the academic literature (Cuéllar-Franca and Azapagic, 2015; Naims et al., 2015) and the Scientific Advice Mechanism (SAM) of the European Commission (European Commission, 2018) call for specific guidelines for LCA on CCU technologies. Specific LCA guidelines have been developed in several areas such as e.g., photovoltaic electricity (Frischknecht et al., 2016) , buildings (Malmqvist et al., 2011) , aggregates for construction (Blengini et al., 2012) , bio-based product (European Commission -Joint Research Center, 2011b , or industrial symbiosis (Mattila et al., 2012) . These specific LCA guidelines have also been developed based on the ISO standard and further refined based on main research questions in the specific area. By providing a consistent framework to address these main research questions, specific LCA guidelines have been important in advancing the adoption of environmental assessment in the respective fields.
We therefore developed the first guideline for standardized LCA of CCU technologies (Zimmerman et al., 2018) . The guideline aims to enhance transparency, comparability and reliability of LCA studies for CCU technologies. In particular, the guideline identifies pitfalls causing ambiguity when assessing the environmental impact reduction potential of CCU technologies and offers guidance on how to avoid these pitfalls based on existing standards and guidelines. The guideline was developed in a 1-year project in cooperation with TU Berlin, University of Sheffield and the Institute for Advanced Sustainability Studies in Potsdam. A guideline for Techno-economic Assessment (TEA) was developed in parallel (Zimmerman et al., 2018) .
In this paper, we present the content of the guideline tailored for a broad scientific audience. For this purpose, we give an overview of the development process of the guidelines in section Approach. In section General Introduction to Life Cycle Assessment, we present the content of the guideline. Here, we provide a short introduction to LCA followed by the identified pitfalls sorted according to the four phases of LCA. For the first phase of LCA, the goal and scope definition, we provide examples for goal definitions for studies on CCU technologies, unified functional units and system boundaries with respect to the goal of the study and a hierarchy of methods to solve multifunctionality. For the second phase, the life cycle inventory, we present general requirements for the selection of inventory sets and reference processes and methods to bridge data gaps. For the third phase, the life cycle impact assessment, we provide guidance for the selection of impact assessment methods with respect to regions and on how to account for temporary storage of CO 2 . In the fourth and last phase of LCA, the life cycle interpretation, we specify requirements for uncertainty and sensitivity analysis, provide guidance on how to interpret neutral and negative environmental impacts.
APPROACH
The basis for the guideline was literature on LCA methodology covering the following standards (European Committee for Standardisation, 2009 Standardisation, , 2017 Standardisation, , 2018 BSI, 2011; AFNOR, 2016) , guidelines (World Resources Institute and World Business Council for Sustainable Development; European Commission -Joint Research Center, 2011a , 2012 , textbooks (Baumann and Tillman, 2004; Guinée, 2006; Curran, 2012) , and scientific peerreviewed publications on LCA methodology and LCA studies on CCU (Artz et al., 2018) . Building upon this analysis, a first draft document was created and discussed with six external experts (1 industry, 2 academia, 3 policy; 5 countries; 60% women) during the first of two in-person discussion workshops. The discussions of workshop 1 provided the basis further development of guidelines, which was then discussed with a large group of 39 external participants (26% industry, 46% academia, 28% policy; 11 countries, 28% women) during the second workshop. After the second workshop, the guideline was revised and then finally reviewed by three academic researchers and an official of the German Federal Environmental Agency (UBA) ("peer-review"). After final revision, the guideline document were published in Deep Blue Data, the repository of the University of Michigan.
In this paper, we present the methodological core of the LCA guidelines, in particular shall, should and may rules. Shall rules are the minimum requirements that are recommended to achieve a standardized TEA/LCA for CCU. Every LCA produced using this guideline must cover these basic rules. All rules in this category have to be addressed. Should rules cover a recommended level of analysis and should be applied to produce LCA of greater depth. Use of may rules produces the greatest detail of LCA. These rules may not be applicable in all studies and should be applied as determined by the practitioner. Note that this work leaves out major parts of LCA basics contained in the full guideline.
GENERAL INTRODUCTION TO LIFE CYCLE ASSESSMENT
Life cycle assessment is a methodology to account for the environmental impacts of a product or service throughout its entire life cycle (Figure 1) . The entire life cycle spans from cradle-to-grave: from raw material extraction through production, packaging, use, end-of-life treatment and recycling to final disposal. Through each stage, the product's life cycle interacts with the environment by consuming natural resources and emitting pollutants. Life cycle assessment is a quantitative method to describe these interactions and their potential environmental impacts 1 . Due to its holistic approach, LCA avoids problem shifting between both environmental impact categories and life cycle stages. Therefore, LCA is a valuable tool in various fields, e.g., product or process design, decision making in industry and policy as well as marketing. The LCA methodology was standardized in the 1990s by the international standardization organization (ISO) in ISO 14040 and 14044 and is still updated and extended regularly (most recently in May 2018).
According to the ISO standard, a LCA study is sub-divided in four phases (Figure 2) :
1. Goal and Scope definition 2. Life cycle inventory analysis 3. Life cycle impact assessment 4. Interpretation.
All phases are interdependent, e.g., the gathered life cycle inventories have to fit to the goal and scope with respect to time and space. In practice, this interdependence renders LCA an iterative approach, as data availability is often not fully known at the beginning of an LCA study. Furthermore, the entire life cycle assessment framework is influenced and by its supposed direct applications and the other way around (Figure 2) .
GOAL DEFINITION
Every LCA study starts with the goal definition by unambiguously stating "the intended application of the study, the reasons for carrying out the study, the intended audience of the study and whether the results are to be used in comparative assertions disclosed to public (European Committee for Standardisation, 2018) ." In other words, the central question of the study is defined. However, many questions may be answered by LCA. To get an overview, we here start by identifying typical goal definitions for CCU from literature. Most CCU technologies are in stages of early development and aim to reduce environmental impacts. Therefore, most LCA studies on CCU aim at quantifying the potential environmental impact reductions of CCU processes or products in comparison to existing processes (Aresta and Galatola, 1999; Aresta et al., 2002; Kim et al., 2011; Anicic et al., 2014; Souza et al., 2014; van der Giesen et al., 2014; Luu et al., 2015; Al-Kalbani et al., 2016; Garcia-Herrero et al., 2016; Hoppe et al., 2016 Hoppe et al., , 2017 Matzen and Demirel, 2016; Schakel et al., 2016; Sternberg and Bardow, 2016; Parra et al., 2017; Sternberg et al., 2017; Uusitalo et al., 2017; Zhang et al., 2017) . Most studies also include a contribution analysis of environmental impacts to identify opportunities for improvement (Aresta and Galatola, 1999; Aresta et al., 2002; Kim et al., 2011; van der Giesen et al., 2014; Luu et al., 2015; Garcia-Herrero et al., 2016; Matzen and Demirel, 2016; Schakel et al., 2016; Parra et al., 2017; Uusitalo et al., 2017) . One study, however, focused identifying the CCU technology most efficiently using surplus energy (Sternberg and Bardow, 2015) . Once CO 2 -based products are deployed in the markets, LCA can be used for environmental product declaration (CarbonCure; Carbon Recycling International; Audi, 2017) .
From this short literature review, the most common research questions are derived:
1. What is the environmental impact reduction of a CCU-based product or service compared to the same product or service derived from fossil carbon sources? 2. What are the contributions to the environmental impacts of a CCU product/process over the life cycle and where are hot spots to reduce environmental impacts? 3. What CCU technology to make efficient use of renewable energy? 4. What are the environmental footprints of products or services used as basis for customer decisions (product declaration)?
All of these research questions imply a comparison between alternatives (explicit or implicit) and thus, intend to support decision making, e.g., which process to use, how to improve the technology or which product to buy (refers to product declaration). In most cases, CCU technologies aim to produce products that are already offered in the market. For this reason, this guideline focusses on comparative assessments, or assessments that are to be used in comparative assertions. Goal definition should use the research questions listed above to derive the specific research question of the study. In addition, the requirements of the ISO 14044 shall be fulfilled as listed in the beginning of this section. For CCU technologies in stages of early development (low technology readiness level, TRL), studies can end up in apple vs. oranges comparisons, since most reference technologies are mature and have been optimized over decades. In contrast, low TRL processes usually have higher energy demand or solvent consumption because of not yet established heat integration and/or process optimization. At the same time, low TRL processes lack auxiliary processes such as product purification steps after reaction. Thus, LCA studies on lab-scale processes can both under-or over-estimate environmental impacts. These aspects should always be considered in comparative studies if a high TRL technology is compared to a low TRL technology. In early development stages, LCA is most useful to identify hot spots for environmental improvement via contribution followed by a sensitivity analysis. However, a comparison between a low TRL CCU technology and a high TRL reference technology can still reveal valuable insights to guide research. Furthermore, exante assessments may be applied to compare the current low TRL technology at a future industrial scale-up TRL with the future reference process or the technology development (Pehnt, 2006; Gavankar et al., 2015b; Kaetelhoen et al., 2015 Kaetelhoen et al., , 2016 Arvidsson et al., 2017; Villares et al., 2017; Cucurachi et al., 2018) . However, the prediction of future developments introduces another source of uncertainty.
SCOPE DEFINITION
The scope definition shall describe under which conditions and assumptions the results of the study are valid. Therefore, every aspect of the scope definition is closely related to and has to be in line with the study's goal (European Committee for Standardisation, 2009 Standardisation, , 2018 European Commission -Joint Research Center, 2010) .
Defining Functional Units for CCU Technologies
Life cycle assessment quantifies the environmental impacts of a product or process system on a relative basis with respect to its function, e.g., global warming impact per kg of product (European Committee for Standardisation, 2009). This relative basis is called functional unit, which quantifies the performance of a product system or service. As most LCA studies on CCU aim at comparing CCU technologies to a benchmark or results are used for comparisons, the functional unit should ensure the sound comparison of the assessed technologies. However, different LCA studies on identical technologies may apply different functional units, which complicates comparisons between studies or even makes them incomparable (Artz et al., 2018) . To increase comparability among studies, we derive functional units for each class of CCU technologies from current LCA practice and derived a decision tree to define a suitable functional unit.
For products with identical chemical structure and composition to their conventional counterparts, in general, mass shall be used as a basis for comparison since this is the most common trading unit for chemicals, materials and minerals (Figure 3) . Other bases for comparison, e.g., amount of species, volume or exergy, could also be applied. However, as enhanced comparability is a major objective of this guideline, we recommend using mass for comparisons, since mass is the most common measure of trading.
In case of fuels with identical chemical structure and composition, energy content (based on the lower heating value, LHV) shall be used, since the value of fuels is measured by their energy content. The lower heating value is recommended since in most energy services the condensation enthalpy of formed water is not accessible due to exhaust temperatures above 100 • C, e.g., power plants, internal combustion engines and most boilers.
For CO 2 -based products with different chemical structure and composition to their conventional counterparts, a generic functional unit cannot be defined. Instead, the functional unit shall be defined so that the technical performance in the defined application of the products becomes comparable, e.g., compare detergents based on the washing performance and not based on mass.
The functional unit of CO 2 -based fuels with different chemical structure and composition shall be defined with respect to the purpose of the fuel, i.e., energy services provided. Energy FIGURE 3 | Illustration of a comparison of environmental impacts for products with identical chemical structure and composition over the entire life cycle. Impacts shown as bars on the x-axis only differ during the phases raw material acquisition and production and thus, comparative studies only have to consider these phases.
services are for example the supply of electricity or heat or the transportation of persons or goods. The functional unit has to quantify either the precise energy service (e.g., 1 MJ of electricity from a gas turbine of a certain type) or the distance for freight or person transport (e.g., one person km driven in a specified vehicle/ship/aircraft), since combustion properties may be different and thus, comparability based on energy content is not guaranteed (Deutz et al., 2018) .
Energy storage delays the use of energy to a later time than when it is was generated and thus, decouples supply and demand of energy (The European Parliament the council of the European Union, 2019). Through decoupling demand and supply, energy storage offer additional degrees of freedom to operate the energy generation in a more efficient way and thus, can lead to lower environmental impacts. However, potential impact reductions strongly depend on the dynamics of demand and supply through the energy system in which the energy storage operates and the energy storage characteristics, e.g., charging and discharging rated output, the power ramping capability, and the storage duration between charging and discharging. Due to the dynamic nature of energy system with or without energy storages, the functional unit may not be defined as an amount of energy. Instead, the functional unit should be defined as the satisfaction of energy demand over a period of time, e.g., as a time-series of the power demand with a temporal resolution of 1 h covering 1 year.
To compare energy storage with different storage characteristics, the energy system without any storage system shall be compared to systems with the energy storage alternatives. In a second step, the difference of environmental impacts reductions of the energy storage alternatives can be compared.
To find a suitable functional unit, we developed the decision tree shown in Figure 4 leading to functional unit by answering a maximum of three questions: (1) Is the subject of the study a CCU product or an energy storage? (2) If the subject of the study is CCU product, is it fuels or not? (3) Is the subject of the study chemically identical to the conventional product or not?
Defining System Boundaries for CCU Technologies
The system boundary defines which processes and life cycle stages are needed to fulfill the function as defined by the functional unit and thus, are part of the analyzed product system. In general, the system boundary should cover the entire life cycle from cradle-to-grave (European Committee for Standardisation, 2009). However, in situations where technical performance and, thus, downstream emissions are identical, a cradle-to-gate approach, in particular for comparative studies, is sufficient where the system boundaries only cover the product system from raw materials acquisition to the factory gate (Figure 3 ; Guinée, 2006) . In fact, in some situations, it is practically infeasible to cover the entire life cycle, e.g., if a product has numerous but unknown potential applications. In the following, we derive a decision tree ( Figure 5 ) with a set of system boundaries for CCU technologies, which are in line with the For products and fuels with identical chemical structure and composition to their conventional counterparts, a cradle-to-gate approach is sufficient since the products cannot be differentiated and thus, downstream life cycle phases are identical and so are their environmental impacts (Figure 3) .
System boundaries for products with different chemical structure and composition to their conventional counterparts, such as CO 2 -based materials (e.g., consumer products) shall cover the entire life cycle from cradle-to-grave. A cradle-togate approach is only applicable if differences in technical performance and end-of-life treatment not differ significantly. In all other cases, materials perform differently and environmental impacts from downstream processes will not be identical. Therefore, LCA studies shall cover the entire life cycle to avoid problem shifting from one life cycle phase to the other (Figure 5 ). For fuels with different chemical structure and composition to their conventional counterparts, a cradle-to-grave approach shall cover the raw material acquisition, production, and transport as well as use and end-of-life, which often occur simultaneously during combustion. Omitting combustion can lead to qualitatively incorrect results, if fuels change engine efficiencies and tailpipe emissions (Deutz et al., 2018) .
However, if the study aims to compare fuels with identical chemical structure and composition to their conventional counterparts, both fuels will behave identically in all potential applications and thus, a cradle-to-gate approach is justified. In other cases, omitting the combustion might still be necessary if the potential application is unknown, e.g., in early stages of development.
For the comparison of energy storage, the system boundaries shall cover the entire energy system from gate-to-gate, i.e., all environmental impacts arising from the operation of the energy system, and the entire life cycle of the energy storage, i.e., construction, operation, and decommissioning.
Upstream Environmental Impact From CO 2 Capture CO 2 emitted to the environment is an elementary flow. Thus, captured CO 2 is often treated intuitively as a consumed emission GW CO 2 = −1 kg CO2e kg CO2 . However, captured CO 2 is a product of human transformation. Consequently, CO 2 is a technical flow, and a chemical feedstock for CO 2 utilization. Thus, treating CO 2 as negative emission is usually incorrect and captured CO 2 has to be treated like any other feedstock (Heijungs and Frischknecht, 1998) . CO 2 sources shall be included in system boundaries as environmental impacts occur due to the CO 2 supply. Assessments shall comprise all process steps leading to environmental impacts including CO 2 source, CO 2 -purification and transport as shown in Figure 6 .
Life Cycle Inventory Modeling Framework and Solving Multi-Functionality
The life cycle inventory modeling framework defines how data is gathered and processed during the life cycle inventory stage of LCA (European Commission -Joint Research Center, 2010). The framework defines how interactions with other product systems are handled, in particular, how to solve multifunctionality problems.
Data Inventory for CCU Processes
The system boundaries for LCA studies on CCU technologies start with the acquisition of raw materials and either end at the factory gate or at the end of the products life cycle.
During an LCA study, some process data will not be available from direct measurements. A company can usually only measure data within its factory gates. Other companies or LCA databases can supply missing upstream and downstream data in the life cycle inventories. If the specific supplier of up-/downstream services is known or the production process of an input can be identified, inventory data specific to the process should be used. In other cases, this information might not be available, because products are purchased from a market, e.g., electricity traded at the stock market. In these cases, a specific technology is not available, and a market mix shall be used instead (European Commission -Joint Research Center, 2010).
The use of market mixes can be assumed until the additional demand or supply of the CCU technology triggers large-scale, structural changes 2 . An example for a large-scale, structural change could be the installation of additional electrical power 2 Following the ILCD handbook (European Commission -Joint Research Center, 2010) this shall be assumed as long as the additional supply or demand of the production system under study does not exceed a threshold value of 5% of the annual market size of a supplied or demanded product. The threshold value of 5% refers to an estimated share of production capacity which is annually decommissioned, i.e., production plants in the end of their life time (European Commission -Joint Research Center, 2010). If the additional supply or demand of the production under study exceeds 5% production capacity, plants are decommissioned that would otherwise still produce and thus, large scale, structural changes apply. This might be the case if CCU technologies are deployed on a global capacities in response to an excessive electricity demand by a CCU technology, which could also affect production and consumption patterns in wide parts of the economy through changes in electricity prices. Such large-scale effects may occur for a large-scale market introduction of CCU products. Nevertheless, accessing large-scale effects is typically beyond the scope of conventional LCA studies. The development of methods for this purpose by integration of complex market models is topic of current research (Yang and Heijungs, 2018) . In this guideline, we focus on the scope of conventional LCA studies.
Therefore, first, process-specific inventory data shall be used, if this information is available. Only otherwise, averaged market mixes shall be used for the regarding input.
Solving Multi-Functionality
Most CCU systems are multi-functional, because CO 2 sources often provide a main product and CO 2 (Figure 8 ; von der Assen et al., 2014). For example, ammonia is produced by reacting hydrogen with nitrogen. Hydrogen can be co-produced with CO 2 in the steam-methane-reforming process. As poison to the catalyst for ammonia production, CO 2 has to be separated prior the formation of ammonia and subsequently, a pure CO 2 stream is released. If CO 2 is now captured from ammonia synthesis, the main-product ammonia and the co-product CO 2 are produced simultaneously. If the environmental impacts for the produced CO 2 stream are required, the total emissions of the system need to be split between the main and the co-product.
This problem is called multi-functionality. Other co-products or functions may occur throughout the life cycle of CCU products. In general, the problem of multi-functionality is no CCU-specific problem. The problem can be addressed using established LCA methodologies. However, a number of methodological choices have to be made. Therefore, we first demonstrate how the methods can be applied to a CO 2 source since the multi-functionality problem at the CO 2 source is at the core of most CCU processes. Subsequently, we present a hierarchy of methods to solve multi-functionality which is valid according to ISO 14044 and other guidelines and standards (World Resources Institute and World Business Council for Sustainable Development; European Commission -Joint Research Center, 2010; BSI, 2011; AFNOR, 2016; European Committee for Standardisation, 2018).
In the following, the alternative methods to solve multifunctionality are described and applied to account for the supply of CO 2 . Sub-division solves the problem of multi-functionality by separating an aggregated (black box) unit process with multiple functions into smaller unit processes and gathering input and output data of these smaller unit processes, e.g., a factory with multiple products that are produced in independent processes can be sub-divided into individual production lines (European Committee for Standardisation, 2009).
Cases where sub-division is applicable are not a problem of multi-functionality in a strict sense, but a problem of missing data. If this missing data can be gathered, multi-functionality can scale and thus, CCU technologies trigger large-scale changes. The ILCD handbook refers to this as the distinction between goal situation A and B. be fully resolved and thus, sub-division shall always be applied first. Sub-division shall even be applied if multi-functional unit processes remain, as this leads to smaller and simpler product systems.
Application to CO 2 -source: Sub-division is not applicable to CO 2 -source since CO 2 is always produced jointly with the main product.
System expansion expands the functional unit to include other functions of the product systems than originally stated in goal and scope definition. If this expanded function is still meaningful, the multi-functionality problem is resolved (European Committee for Standardisation, 2009).
CCU processes are often multi-functional, e.g., when the CO 2 source co-produces another product such as electricity. As discussed above, CCU processes are often compared to conventional processes. To compare both product systems, each product system needs to fulfill the same functional unit and therefore, the system boundaries and the functional unit are changed for the product systems. For the comparison of the CCU process with two products (product of CO 2 source and product of CO 2 -process) to a conventional system (Figure 7A) , the main product of the CO 2 source is added to the functional unit and the conventional system is expanded with the CO 2 source without capture (Figure 7) .
Note that a process used for system expansion (not in case of CO 2 -sources) can be multi-functional as well and subsequent system expansion may be needed. In theory, one could end up modeling the entire global technosphere. However, this endless chain of system expansion is usually interrupted by the definition of cut-off criteria for small contributions to the LCA results.
Substitution does not include additional functions in the functional unit. Instead, a credit is given for the production of the co-product. The credit represents the environmental burdens avoided by the substitution of the conventional production system which would have been used otherwise. The functional unit remains as stated in the goal and scope definition, but the system boundary is altered for the product system where substitution is applied. In comparative assessments, the system boundary and functional unit of the conventional product system(s) remains unchanged (European Commission -Joint Research Center, 2010).
Similar to the approach presented in section Data Inventory for CCU Processes, first, a specific process to be substituted shall be identified and used. In all other cases, a market-averaged process mix shall be assumed (European Commission -Joint Research Center, 2010).
For CO 2 sources, the substituted process is usually the same source but without capture (Figure 7B) . This assumption is meaningful as long as not all CO 2 from this source is already fully utilized. Both approaches, system expansion and system expansion via substitution, are mathematically equivalent in comparative LCA; however, results, meaning and interpretation of results are not, because system boundaries and functional unit are altered. System expansion via substitution can lead to negative environmental impacts (e.g., negative CO 2 emissions), because by-products are credited. These negative environmental impacts FIGURE 7 | (A) Comparison of a CCU production and a reference production: CCU system produces a main product besides CO 2 -based product, i.e., the CCU system has additional function (dashed red line) besides functional unit (dashed green line). Thus, the conventional and CCU system are not comparable due to different functions. System expansion enables the comparison of the CCU production and the reference production by including the main product of CO 2 -source in functional unit. For a sound comparison the reference production system is expanded with the conventional production of the main product without carbon capture. (B) Substitution: The production of the main product without carbon capture is avoided and thus, the CCU system is credited for the otherwise emitted CO 2 , but has to carry the burdens of purification, compression and transport. (C) Allocation sub-divides the CO 2 -sources into two processes and distributes the environmental burdens of the CO 2 source between the main product and the feedstock CO 2 production using underlying physical relationship or other relationship. The CCU production system becomes a mono-functional production system and can be compared to the reference production since functional units are identical.
can be misunderstood in a way that producing more of the product could offer infinite benefits to the environment. However, these negative environmental impacts are limited to the market capacity of the by-products and thus, do not offer infinite benefits. Furthermore, these negative environmental impacts do not indicate that greenhouse gas emissions are taken up by the production system from the atmosphere nor that natural resources are generated (Tanzer and Ramírez, 2019) . The negative environmental impacts simply indicate that the production system has lower environmental impacts than the conventional production of all products and byproduct trough the conventional production. However, as a conceptual advantage, substitution conserves the causal interaction between processes by accounting for impacts in other life cycles.
Allocation partitions the in-and outputs of the multifunctional process among the products or functions reflecting an underlying physical causal, economic, or other non-causal physical relationship (Figure 7C) .
According to ISO 14044, an underlying physical causal relationship shall be applied first, by quantifying how input and outputs physically relate to a function of system. For example, the chlorination of benzene delivers mono-chlorobenzene, ortho-, and para-dichlorobenzene and hydrochloric acid. The amount of chlorine consumed by the process is directly physically related to the amount of the chlorine incorporated in the products. Therefore, the amount of chlorine in each product is the physical criterion to distribute the chlorine flow between the products of benzene chlorination. Another way to establish a physical causality is to quantitatively change the functions and observe how the inputs and outputs are affected. The distribution of the inputs and outputs should than reflect this quantitative change of inputs and outputs 3 . Note that more than one relationship can be applicable within one process.
In case of CO 2 sources, a physical causality can be found by quantitatively changing the amount of main product and the product CO 2 produced and observing how the inputs and outputs are affected. Setting the amount of main product to zero, leads to a process without inputs, outputs, and product CO 2 . Therefore, the amount of main product affects the inputs and outputs of the process. Varying the amount of product CO 2 changes the amount of CO 2 emitted, since CO 2 is no longer emitted and the inputs and outputs related to the capture process. In consequence, 1 kg of CO 2 provided by the CO 2 -source leads to an emission reduction of 1 kgCO 2 e and an increase of emissions related to the capture process. The result is identical to the substitution approach.
If a physical causal relationship cannot be applied, other underlying relationships shall be used. For this purpose, the multi-functional process is sub-divided into mono-functional processes and the environmental burdens of the multi-functional process are distributed among the mono-functional processes according to attributes of the product or functions. The most commonly applied attribute is economic value of products or functions. Since the multi-functional process is artificially sub-divided, the physical causality between processes is lost, i.e., the independent production of former jointly produced products. In addition, the selection of the attribute is to some extent arbitrary.
The selection of a suitable product attribute to distribute the emissions of the CO 2 -source among the main product and the CO 2 -source can be difficult. Mass can be applied to all processes except power plants, since electricity has no mass and thus, all emissions would be distributed to CO 2 . Energy is not a suitable attribute since CO 2 does not contain any energy, or more precisely: its lower heating value is zero. The economic value of CO 2 is uncertain, since the capture process is related to costs, 3 The ILCD handbook refers to this as "virtual sub-division." the price of CO 2 might be positive and thus, economic allocation would attribute CO 2 would with positive emissions. However, it can be argued that CO 2 has a negative economic value since it is a waste stream, which needs a waste treatment. In this case, the CO 2 source has only one function, i.e., producing the main product and has a technical waste flow, i.e., the concentrated CO 2 stream. The CO 2 -utilizing step would then be multi-functional in the sense that a CCU product is produced and the CO 2 waste stream is treated. As waste stream per se cannot carry any environmental burdens, the environmental impacts of the CCU utilizing step would be allocated between the CCU product and the waste treatment (European Commission -Joint Research Center, 2010).
As each applied criterion would significantly alter the environmental impact attributed to CO 2 and an objective selection of one allocation criterion is not possible, a sensitivity analysis is always needed.
Hierarchy of Methods for Solving Cases of Multi-Functionality
Existing standards (BSI, 2011; AFNOR, 2016; European Committee for Standardisation, 2017, 2018) and guidelines (European Commission -Joint Research Center, 2010, 2012; World Resources Institute and World Business Council for Sustainable Development, 2011) rank methods for solving multi-functionality in a hierarchy which should be consistent with stated goal definition. In the following, we present the hierarchy of methods for solving multifunctionality complying with the hierarchy of ISO standards and guidelines.
First, check if multi-functionality can be solved by gathering individual process data and apply sub-division.
If subdivision cannot solve the multi-functionality problem, apply system expansion. Note that results obtained via system expansion are joint impacts due to the production of more than one product and thus, are not specific to a single product of the CCU technology. This might be in conflict with the initial research question and a modification of the question might be needed.
If product-specific assessments are needed to answer the initial research question the following hierarchy of allocation method shall be applied. Please note that results obtained via system expansion shall always be computed to assess the overall effect of introducing the CCU technology.
For product-specific assessments, first, substitution shall be applied. If substitution is not possible, e.g., because there is no process available to be substituted, apply allocation: First, using an underlying physical relationship and then an underlying other relationship, e.g., economic value.
Special Requirements for Comparative Studies
Any study intended for external communication shall be reviewed. For comparative studies or studies to be used in comparative assertions disclosed to public, a critical review shall be conducted by an independent and qualified review panel. More information about the review process can be found in the ILCD handbook, the ISO standard and the PEF guideline (European Committee for Standardisation, 2009 Standardisation, , 2018 European Commission -Joint Research Center, 2010 , 2012 International Organization for Standardization, 2014) .
Note that external review also allows to leave out confidential information in the public report and thus, can protect intellectual property.
LIFE CYCLE INVENTORY (LCI)
In the life cycle inventory phase, the actual data is gathered, and the product system is modeled according to goal and scope definition.
Estimation Methods to Bridge Data Gaps
During LCA studies, practitioners are often confronted with limited data availability. To bridge data gaps, estimation methods have been developed. In the following, commonly applied estimation methods are presented, and further readings are provided. These methods may be used to bridge data gaps, but the generated data should be replaced by measured values as soon as possible.
Second-Law Analysis
With thermodynamic analysis, a second-law analysis can be conducted based on stoichiometric reaction schemes, mass-, energy-, exergy-, and entropy balances. By assuming second-law efficiency of 100%, an absolute best-case scenario is obtained. If this best-case scenario does not offer environmental benefits, the considered process will never offer any environmental benefits. In particular for low TRL technologies, the second-law analysis is an useful tool to sort out technologies. Therefore, the second-law analysis shall be used to establish a best-case scenario.
Gate-to-Gate Inventory Estimation
In cases, where specific information of chemical processes is missing, e.g., for feedstocks, Ecoinvent uses a yield of 95% based on a stoichiometric mass balance and a product averaged energy demand and other auxiliaries can be assumed as a rough estimation ecoinvent, 2017; Gendorf Chemiepark, 2017) .
Jiménez-Gonzáles et al. and Kim et al. provide a design-based method to estimate gate-to-gate inventory information when direct data is not available (Jiménez-González et al., 2000; Kim and Overcash, 2003) . The provided method defines transparent rules for data collection and provides rules of thumbs, e.g., for the estimation of mass balance, energy requirements, and energy recovery rates. Based on this method, Kim et al. show for 86 chemicals that the gate-to-gate process energy ranges for half of the organic chemicals from 0 to 4 MJ per kg and for half of the inorganic chemicals from −1 to 3 MJ per kg.
A method to estimate gate-to-gate process energy consumption when no process engineering is available, is provided by Bumann et al. (2010) which correlates the process energy demand with the energy index provided by Sugiyama et al. (2008) . The proposed method is based on a simplified process model consisting of a reactor and separation unit and information of the chemical reaction, e.g., reactants, products, co-products, and by-products, reaction conditions and thermodynamic data. From this data, an energy index is computed and used for the estimation of gate-to-gate energy consumption. The average deviation of this method is around 30%.
Artificial Neural Networks
Environmental impacts of processes have been estimated from molecular descriptors of the desired product using neural networks (Wernet et al., 2008 (Wernet et al., , 2009 ). The resulting software tool Finechem can be helpful if no process information is available. The neural network was trained with industrial data and thus, the method might be limited to predict molecules comparable to those in the training set. In addition, the molecular descriptors limit the range of application, as isomeric compounds and polymers cannot be differentiated. Furthermore, as this method uses solely the molecular descriptors of the product as an input, alternative production pathways cannot be assessed by this method. This is in particular a shortcoming for CCU technologies which aim to substitute identical products, fuels, or materials.
Selection of Reference Processes
The selection of a reference process has significant impact on the reduction potential of the assessed CCU technology. Therefore, the reference process has to be carefully selected. In general, reference processes shall be those processes that the CCU production system competes with in the market, i.e., the marginal process. However, the identification of the marginal process may introduce complex market interactions, in particular if the process has more than one function. Therefore, the reference process shall be modeled as the average market mix if further information is missing and if no large-scale, structural changes occur (section Data Inventory for CCU Processes).
However, CCU technologies-in particular in stages of early development-do not compete with current technologies, since their market launch lies in the future. Instead, these CCU processes compete with the technologies established in the future. Thus, comparing CCU technologies in stages of early development to currently used processes does not reflect reality. Therefore, the time dimension is crucial for assessing ecological benefits of CCU. For this purpose, future development techniques, e.g., learning curves, may be applied to both the CCU technology and the reference process, as both processes underlie development (Cucurachi et al., 2018) . Methods to apply learning curves are described by Gavankar et al. (2015b) and Cespi et al. (2015) . Note that forecasting techniques shall not exceed physical limitations, e.g., the second law of thermodynamics. In addition, changes in the background system shall be accounted for, e.g., the changes in the energy supply due to higher shares from renewables.
However, predicting future technologies is potentially beyond the scope and experience of many LCA practitioner and thus, if no reliable predictions on future developments are available, the current best available technology should be used as the reference technology.
LIFE CYCLE IMPACT ASSESSMENT
Key driver for CCU is to lower GHG emissions and our dependence on fossil resources. Not surprisingly, global warming and fossil resource depletion (or fossil-based cumulative energy demand) are usually selected as impact categories in LCA studies on CCU (Artz et al., 2018) . The introduction of CCU technologies may further affect a variety of environmental impacts and the holistic LCA approach aims to avoid problem shifting from one impact category to another. Therefore, impact categories shall not be omitted from LCA studies to avoid misleading decision-making if impact categories are: -Relevant, i.e., accounted elementary flows contribute in these categories and -Assessable, i.e., impact assessment methods exist and these methods are reliable.
However, the selection of impact categories and methods is not straightforward: Numerous impact categories exist and sometimes even multiple methods for one impact category exist. Furthermore, the uncertainty of impact assessment models varies as more or less complex cause-effect chains are involved and methods are more or less advanced. In consequence, different impact assessment models are used in practice leading to differences in LCA results. Impact assessment should use the CML (Institute of Environmental Sciences, University of Leiden) impact assessment methodology in its most recent version as the "International Environmental Product Declaration (EPD) System" uses CML as a default for product category rules. To the best of the authors' knowledge (July 2018), the most recent version of CML is 2016. Additionally, a second set of methodology should be applied if this methodology is geographically more appropriate than CML 4,5 . In this way, comparability and geographical representativeness are guaranteed at the same time.
For Europe, the Joint Research Center provides a selection of impact categories and methods which were defined in a stakeholder's dialogue involving LCIA model developers and LCA practitioners and thus, the JRC recommendation should be followed for Europe (European Commission -Joint Research Center, 2011a) . For the United States, the EPA developed TRACI 2.1 as impact assessment methodology and thus, TRACI in its most recent version should be used for studies in the U.S. (Bare, 2002) .
Note that life cycle impact assessment should be limited to midpoint indicators, because the level of uncertainty increases with endpoint indicators or single point indicators. Also note that a detailed knowledge of impact assessment method is necessary to interpret and report results properly, e.g., human toxicity assessments have high uncertainty and thus, results differing by 2-3 orders of magnitude might still be interpreted correctly as "identically toxic" (Hauschild and Huijbregts, 2015) .
Temporary Storage of CO 2
CCU products offer temporary carbon storage. Due to temporary carbon storage, CO 2 emissions can be delayed and thus, do not contribute to climate change during the time of storage. Therefore, temporary storage is no independent or additional benefit from the impact on climate change.
The relevance of temporary storage depends on the class of CO 2 -based product or fuel considered:
For CO 2 -based products and fuels with identical chemical structure and composition to their conventional counterparts, carbon storage does not offer any additional benefits since the product life is identical after leaving the factory gate for both products and the amount of carbon chemically bonded is identical (Kätelhön et al., 2019) . Therefore, the time between production and end-of-life treatment and the amount of CO 2 released during end-of-life treatment is identical. Thus, the emission time profile is identical after factory gate (blue and green line in Figure 8 ) and there is no additional effect storing CO 2 .
For CO 2 -based products different in chemical structure and composition to their conventional counterparts, emission time profiles are not identical (red line in Figure 8) and thus, temporary storage may offer climate benefits (Figure 9) . However, note that temporary storage offers a benefit only once. Once all counterparts have been substituted, the composition remains constant and thus, emission time profiles are identical again.
For CO 2 -based fuels different in chemical structure and composition to their conventional counterparts, temporary storage is usually not significant, since the storage duration is short compared to climate change dynamics.
To decide whether or not temporary storage may offer any climate benefit, we developed the decision tree shown in Figure 9 by answering a maximum of three questions: (1) Is the subject of the study a CCU product or an energy storage? (2) If the subject of the study is CCU product, is it chemically identical to the conventional product or not? (3) If the chemical structure differs, is the subject of the study a fuel or not?
The effect of temporary CO 2 storage is known from bio-based products and methods to account for temporary storage exist (Levasseur et al., 2010 (Levasseur et al., , 2012 Brandao et al., 2013) . However, classic LCA does not account for temporary storage or emission timings, "as LCA per se is not discounting emissions over time" (ILCD handbook, p. 226) , since LCA models are usually static and do not account for dynamic effects such as discounting emissions over time (Brander, 2016) .
To follow the established LCA principles, delayed emission shall not be discounted over time. Instead, emission time profiles, the amount and duration of carbon stored may be reported as a separate item. FIGURE 8 | Emissions time profiles for different products. CO 2 -based products with identical chemical structure and composition to their conventional counterparts have identical emissions timing profiles after production. CO 2 -based products different in chemical structure and composition can have different emissions during use-phase and end-of-life treatment and different life spans and thus, the emissions timing profile can be different. Note that for permanent storage 6 , a discounting method is not needed because end-of-life emission never occur and thus, are zero. If end-of-life emissions are zero, the effect of storage is thus already considered.
LIFE CYCLE INTERPRETATION
During life cycle interpretation, the feedback loop of the iterative steps of LCA studies is closed, e.g., through evaluating the gathered life cycle inventory in the light of the goal 6 Permanent storage can be assumed if CO 2 is sequestered for 100,000 years.
definition. Furthermore, the results are evaluated to derive robust conclusions and potential recommendations at the end of a LCA study.
Uncertainty and Sensitivity Analysis
In the following, methods to quantify the impact of uncertainties are described and two levels of recommendation are provided. This section is based on Igos et al. (2018) . First, a basic level is described using sensitivity analysis and scenario analysis and second, an intermediate level using uncertainty analysis. The basic level shall be applied and the intermediate level should be applied if possible.
Please note that uncertainty assessment in general is already covered sufficiently by standards and guidelines. However, the following section describes how methods can be applied to CCU technologies.
Basic Level
In the basic approach, input variables shall be identified that have uncertainties with high impacts on the uncertainty of the model output. For this purpose, a sensitivity analysis shall be carried out. Sensitivity analysis is a systematic procedure to estimate the effects that alternative choices for methods and data have on the outcome of a study (European Committee for Standardisation, 2018). The most basic approach to carry out a sensitivity analysis is the one-at-a-time approach. For the one-ata-time approach, input variables shall be varied separately one after the other to quantify the sensitivity of the model results toward the considered input variable. For this purpose, the input variables shall be varied within realistic ranges. The results of the sensitivity analysis may be sorted to identify key variables with the highest influence on the overall output uncertainty. If the variation of the input variables reveals weak points of the study that are not in line with the LCA study's goal and scope, the goal and scope definition shall either be refined or data quality and modeling approach shall be reviewed until significance of results according to goal definition is achieved.
Once the key variables are identified, either a scenario analysis, i.e., the evaluation of alternative choices, or the calculation of threshold values for key variables shall be carried out.
For a scenario analysis, a number of scenarios exploring key variables shall be defined. These scenarios shall be analyzed in relation to the model results of the baseline scenario. Typically, best-and worst-case scenarios should be defined to quantify the range of the model results.
CCU technologies often make use of energy or high energetic reactants, e.g., hydrogen to activate CO 2 . The production of those high energetic reactants or the supply of energy can lead to high environmental impacts. In consequence, assumptions on environmental impacts of these inputs have been identified as the major source of varying results in LCA studies on CCU technologies. Thus, the environmental impacts related to the high energetic reactants are often the key variables in studies on CCU technologies (Artz et al., 2018) . Furthermore, CCU technologies are emerging technologies and thus, the derived scenarios shall consider the transition of the background system. For this purpose, practitioners shall define a scenario representing the status-quo, a fully decarbonized future and a transition scenario. An example for electricity generation is presented in Table 1 . The status-quo is taken from the Energy Technology Perspectives report published by the International Energy Agency (2017). In fully decarbonized industry, the greenhouse gas emissions of the energy supply will be fairly close to zero, while in a transition scenario the emissions will lie somewhere in between the status-quo and a fully decarbonized industry (e.g., 50% of the current emissions). These scenarios are derived in a very simply way and the scenarios will perform badly at forecasting. However, valuable insights from a scenario analysis like this can be gained, e.g., the dependence on clean energy supply can be shown. Since the generation of scenarios can be timeand resource-demanding, we derived scenarios for the supply of electricity, hydrogen, CO 2 , heat and natural gas (as methane) for the European context is provided in the annex of this document (see Supplementary Material) . These scenarios should be used per default in the European context to allow harmonization of LCA studies. However, note that scenario analysis can suffer from ambiguity because the definition of scenarios relies on the LCA practitioner and can hardly become an automated part of LCA calculations (Jung et al., 2014) .
As an alternative to scenario analysis, threshold values for key variables can be calculated. A threshold value is the smallest (or highest) value of an input variable that is sufficient to achieve environmental benefits compared to the benchmark process. For example, water electrolysis consumes 50 kWh electricity per kilogram hydrogen. To emit less greenhouse gas emissions than steam reforming of methane (10.7 kg CO 2 -eq per kilogram hydrogen, GaBi Software-System v8.5.0.,79 and Database for Life Cycle Engineering SP 35, 1992 SP 35, -2018 , the greenhouse gas emissions of electricity supply for the water electrolysis would need to be 0.214 kgCO 2 -eq per kWh electricity or lower. In this case, the threshold value of electricity supply for hydrogen from water electrolysis compared to the benchmark process steam methane reforming of methane would be 0.214 kg CO 2eq per kWh electricity. For a sound interpretation, the calculated threshold values should lie within physical and thermodynamic limits.
Intermediate Approach
Based on the basic approach, the LCA practitioner should carry out an intermediate approach to quantify the uncertainty of the model output using uncertainty analysis. According to the ISO 14044, uncertainty analysis is a "systematic procedure to quantify the uncertainty introduced in the results of a life cycle inventory analysis due to the cumulative effects of model imprecision, input uncertainty and data variability" (European Committee for Standardisation, 2018). Therefore, uncertainty analysis is a measurement of the reliability of the model output toward the underlying decision process. Uncertainty analysis is usually carried out using stochastic methods, e.g., Monte Carlo simulation (Sonnemann et al., 2003; Schenker et al., 2009; Williams et al., 2009; Sills et al., 2013) , or perturbation theory, e.g., analytical uncertainty propagation (Huijbregts et al., 2001; Lloyd and Ries, 2007; Heijungs, 2010; Groen et al., 2014; Jung et al., 2014; Pfingsten et al., 2017) .
In the intermediate approach, the Monte Carlo simulation is recommended since it is the most common method to carry out an uncertainty analysis and it is integrated in current LCA software, e.g., SimaPro, OpenLCA, and GaBi. In a Monte Carlo method, all input variables are varied randomly within their defined ranges for a fixed number of model simulations. In consequence, the range of the model results is a value for the probability distribution and thus, a value for the overall model uncertainty. The Monte Carlo method requires a high number of simulations in order to obtain representative results and therefore, high computational power or high calculation time. Usually, 10,000 Monte Carlo sets are generated, but Wei et al. (2016) showed that 1 million might be necessary to achieve sufficient accuracy of results. In general, convergence cannot be guaranteed (Igos et al., 2018) . Therefore, the number of Monte Carlo sets should be as high as possible but at least 10,000 (Igos et al., 2018) .
In comparative studies, Monte Carlo analysis shall not be carried out independently for each alternative, since the comparison of probability distribution can lead to wrong interpretations, i.e., a large overlap of two probability distributions might be misinterpreted as an indistinctive decision. Large overlaps can be a result of identical sensitivity of both system toward one parameter (Henriksson et al., 2015) . For example, if two hydrogen electrolysis with different efficiencies A and B are compared. The environmental impacts of B and A are both highly sensitive to the environmental impacts of the electricity supply, but are impacted in the same way. However, if done independently, overlaps can occur because a Monte Carlo set of B with low impact electricity supply is compared to a Monte Carlo set of A with a high impact electricity supply (Figure 10A) . Here, the interpretation that both system perform equally good is wrong and can be avoided by a joint Monte Carlo simulation of the difference of both alternatives. A joint Monte Carlo analysis can show that the environmental impacts of alternative B are always higher than A in each Monte Carlo set and thus, that A is clearly advantageous (Figure 10B) . Therefore, a comparison of different technologies shall be carried out in a joint Monte Carlo simulation. Furthermore, a comparison between different technologies in a joint Monte Carlo simulation step shall always be related to the same background system to ensure consistent results. For instance, the conventional synthesis of methanol requires high amounts of carbon monoxide and hydrogen whereas the CO 2 -based production pathways require high amounts of carbon dioxide and hydrogen. To ensure a fair comparison between both technologies and thus, a consistent result of the uncertainty analysis, the background production system of hydrogen has to be the same for each individual Monte Carlo simulation step. For this reason, using aggregated processes in Monte Carlo analysis can be misleading and thus, should be avoided.
Uncertainty and sensitivity analysis are important for comparative studies to identify whether calculated differences of environmental impacts are significant or not. Note that significant difference may not be revealed by sensitivity analysis. This does not mean that no difference exists, but that the study could not prove any. Furthermore, note that ignorance, as an additional source of uncertainty, can neither be assessed by uncertainty nor by sensitivity analysis "but may be revealed by qualified peer review" (European Commission -Joint Research Center, 2010).
Communication of Uncertainty Assessment Results
The communication of uncertainty assessment results is important to avoid misleading interpretations and to ensure the credibility of the assessment (Gavankar et al., 2015a) . Therefore, the communication of the results of the basic approach shall include parameters with high sensitivity and their effects to the overall model results. The results of the scenario analysis and calculated threshold values shall be reported separately to the results of the sensitivity analysis. The intermediate uncertainty assessment approach should furthermore include the results of the uncertainty analysis. The results of the uncertainty analysis should be interpreted with regards to their effect on the reliability of the LCA results.
Carbon-Neutral Products and Negative Emissions
CCU technologies consume CO 2 to produce value-added products. Thus, intuitively CCU technologies may be thought of as technologies with potentially zero emissions or netnegative emissions. CO 2 is usually considered to be captured from fossil or biogenic point sources or directly from the atmosphere via direct air capture. Fossil point sources release carbon previously stored in underground departments, while biogenic point sources releases carbon previously consumed from the atmosphere. CCU technologies can theoretically be carbon neutral over the entire life cycle if CO 2 is captured from the atmosphere (via biogenic point sources or direct air capture) and the CO 2 is released at the end-of-life (Figure 11a) or if CO 2 is captured from fossil point sources and CO 2 is sequestered or permanently stored in the product (Figure 11b) and if all other GHG emissions are zero over the life cycle. CCU technologies have potentially negative emissions (Figure 11c) if CO 2 is captured from the atmosphere (via biogenic point sources or direct air capture) and if CO 2 is sequestered or permanently stored in the product and if overall life cycle GHG emissions are lower than the amount of CO 2 fixated. If the amount of atmospheric CO 2 capture and fixation is equal to other fossil emissions over the life cycle, the process is carbon neutral.
In all other cases, CCU technologies have positive CO 2 emissions over the life cycle. Still, emissions can be lower than for competing conventional processes (Figure 12) . In this case, the CCU process also contributes to climate change mitigation through substitution, and hence is carbon reducing. Even though such processes lower CO 2 emissions compared to the status quo, they are not carbon negative. In particular, this also holds for carbon-reducing processes with negative CO 2 emissions obtained from substitution. Through applying substitution (section Solving Multi-Functionality) or cradle-to-gate analysis, negative LCA results can be computed. However, the negative LCA results does only reflect a comparison. In particular, negative LCA results do not necessarily imply that the CCU product is carbon neutral or even has negative emissions over its life cycle. Therefore, negative CO 2 emissions obtained from substitution shall be clearly stated as environmental benefit compared to the benchmark technology and not as negative CO 2 emissions over the life cycle. In addition, avoided CO 2 emissions and other environmental impact from substitution shall be reported separately (Tanzer and Ramírez, 2019) .
REPORTING
The final step of an LCA study is a report. According to ISO 14044, "The results and conclusions of the LCA shall be completely and accurately reported without bias to the intended audience." Assumptions made on data and methods should be transparently reported and enable the reader to understand limitations of the results. Presented results should enable readers to understand the complexity and trade-offs of the LCA study. Results and interpretation presented should be in line with the goals of the study. The reports may be reduced if sensitive or confidential information and data may not be published.
The report shall include an executive summary and a technical summary table to provide easy access to the data used in the assessment. The main report shall report all assumptions, data for calculation, methods, results and limitations as transparently and detailed as possible. This is also important to guarantee reproducibility and full traceability by the reader. The assessment results shall be clearly reported to the audience in order to avoid ambiguity and misinterpretation.
The supporting information provides a checklist for an executive summary, a technical summary table and main report. This checklist is derived from the ISO 14044 and the ILCD handbook and additionally includes CCU-specific items.
DISCUSSION
Building upon established LCA standards and guidelines, our work is tailored to the needs of LCA practitioners assessing CCU technologies by identifying and resolving CCU-specific pitfalls. The resulting guidelines substantially reduce the space for methodical choices in LCA with the goal to foster comparable and transparent studies on the environmental impacts of CCU.
Even though our guideline already defines a broad framework for the environmental comparison of CCU technologies, some aspects specific to CCU technologies are still unaddressed. First, the guideline is not an ISO standard or document, even though reviewed by around 50 international experts from industry, academia and policy in two workshops. Introducing an ISO standard or document report could strongly enhance the adoption of the guidelines. However, the process of standardization is driven by industry and thus, can only be initiated by us.
Second, the LCA guideline was developed in parallel to a guideline for techno-economic assessment (TEA). Both TEA and LCA are sub-divided into identical phases and both build upon mass and energy balances and thus, share the same data foundation. However, currently, the goal and scope of both assessments are different: while LCA studies aim to quantify the overall environmental impacts, TEA studies usually aim to compare production costs, prices or analyze the market situation. Therefore, both assessments are currently not aligned and thus, TEA and LCA studies can be done at the same data basis, but goal and scope may not necessarily be aligned. In consequence, results of TEA and LCA have to be interpreted separately and combined indicators such as abatement costs have to be interpreted with caution. Therefore, a stronger alignment between both guidelines would be beneficial, in particular, for the identification of trade-offs between environmental and economic indicators.
Third, in many cases, CCU technologies promise to reduce environmental impacts and achieve costs competitiveness. The promises can, however, not be proven with high certainty for technologies with early maturity, because data availability is low at these stages. For this reason, further methods are needed to assess the potential of technologies with low maturity.
Fourth, the last unsolved issue is that LCA reports are usually of high complexity and long including trade-offs and if-then conclusions. Decision-makers, such as policy makers, often lack time and technological expertise to derive policies from these highly complex LCA reports. Therefore, guidance is missing for policy makers on how to commission and understand LCA results. LCA practitioners should develop methods on how to write effective LCA reports for a target audience.
CONCLUSION
This publication summarizes our guideline for standardized life-cycle assessment of technologies for carbon capture and utilization. This guideline aims to reduce the ambiguity in methodological choices and enhances the transparency of LCA studies. These goals have been achieved by substantially restricting the methodological choices currently left open by LCA standards. To reduce methodological choices, we identified typical goal definitions for LCA studies on CCU and provided suitable scope definitions in line with these goal definitions. We further predefined functional units and system boundaries with respect to a CCU classification and provided a hierarchy for methods to solve multi-functionality with a focus on systemwide assessments. For the life cycle inventory phase, we defined rules to select data in line with major guidelines. Furthermore, we recommended impact assessment methods with respect to regional differences, in order to reduce the variation of results. As CCU technologies are often set in a utopian future, we define scenarios for the uncertainty assessment for the most common inputs in order to show the dependency of clean feedstock. The presented guidelines should hopefully help to strengthen the development of environmentally beneficial CCU technologies.
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